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I.  Introduction .  In  this  paper  we  study  the  convergence  and  limit  distribution 
of  the  centered  sums 

O.D  l  «Cv  ,  £.)  -  A  , 

j=l  J  J  n 

in  connection  with  series  representations  of  infinitely  divisible  random 
vectors.  Here  i- . }  is  a  sequence  of  arrivial  times  in  a  Poisson  process, 

J 

il.':  is  a  sequence  of  i.i.d.  random  elements,  which  is  independent  of  {y . }  , 

j  j 

and  H  is  a  Banach  space  valued  function. 

Series  representations  involving  arrival  times  in  a  Poisson  process  have 
been  given  by  Ferguson  and  Klass  £4],  for  real  independent  increment  processes 
without  Gaussian  components.  Kallenberg  £8]  showed  the  uniform  convergence  in 
the  Ferguson-Klass  decomposition  and  Resnick  £18]  related  the  decomposition 
to  the  well-known  Ito-Levy  representation  of  processes  with  independent  incre¬ 
ments.  A  series  representation  of  Hilbert  space  valued  stable  random  vectors, 
that  generalizes  the  Ferguson-Klass  representation  of  one-dimensional  stable 
random  variables,  has  been  established  by  LePage,  Woodroofe  and  Zinn  [12]. 

LePage  £10]  observed  that  symmetric  stable  random  vectors  can  be  represented 
as  conditionally  Gaussian.  This  important  property  has  been  generalized  and 
extensively  used  by  Marcus  and  Plsier  £15]  in  their  investigation  of  continuity 
of  stable  processes.  Marcus  and  Pisler's  work  £15]  showed  the  significance  of  the 
series  decompositions  in  the  study  of  stable  probability  measures  on  general 
Banach  spaces  (see  also  £5.],  £2],  [19]  and  £21]).  We  refer  the  reader  to  [15] 
for  a  rigorous  proof  of  the  representation  of  symmetric  stable  vectors  with 
values  in  arbitrary  Banach  spaces.  A  generalization  of  the  one-dimensional 
Ferguson-Klass  representation  to  the  case  of  random  vectors  taking  values  In 
Banach  spaces  of  cotype  2  is  due  to  LePage  £11].  Since  this  assumption  on 


2 


the  geometry  of  Banach  spaces  is  too  restrictive  for  many  interesting  applications 
of  the  representation  (e.g.  for  studying  the  continuity  of  stochastic  processes), 
it  is  necessary  to  investigate  series  developments  without  any  restrictions  on 
the  Banacn  spaces.  The  validity  of  the  LePage  representation  for  certain 
symmetric  infinitely  divisible  random  vectors  in  general  Banach  spaces  was 
stated  by  Marcus  £14]  (techniques  similar  to  those  of  [15]  can  be  used  in  that 
case,  the  general  non -symmetric  distributions  considered  here  require  different 
methods) . 

The  main  goal  of  the  present  paper  is  to  give  a  simple  and  general  scheme 
of  deriving  series  representations  of  arbitrary  Banach  space  valued  infinitely 
divisible  random  vectors.  Our  approach  uses  an  idea  of  Vervaat  [22]  who  obtained 
the  Ferguson-IO ass  decomposition  of  positive  random  variables  as  a  particular 
case  of  a  shot  noise  (for  more  information  about  shot  rcise  see  [22]  and  re¬ 
ferences  therein).  Since  only  a  very  restricted  subclass  of  infinitely  divisible 
probability  measures  can  be  represented  by  means  of  a  shot  noise  [see  Corollary 
4.3(iii)),  we  introduce  and  study  a  gcncvoLizeA  allot  notae,  which  is  defined 
as  the  a.s.  limit  of  the  centered  sums  (1.1).  We  obtain  a  full  characterization 
of  the  convergence  to  a  generalized  shot  noise  in  Section  2.  In  Section  3  we 
discuss  certain  special  cases  of  the  generalized  shot  noise  and  resulting 

simplifications  in  the  centeres  A„  .  The  results  of  Section  2  and  3  are 

n 

applied  to  derive  series  representations  of  Infinitely  divisible  random  vectors 
in  Section  4.  This  approach  enables  us  to  obtain  various  series  represent¬ 
ations,  which  generalize  those  of  LePage  .[11],  in  a  unified  way,  while  avoiding 
many  obscuriig  details  due  to  specific  forms  of  the  function  H  Is  concrete 
situations. 


Finally  we  would  like  to  mention  something  about  the  methods  in  this  paper. 


/ 


To  determine  the  convergence  in  (1.1)  we  use  a  slight  modification  of  the 
technique  previously  employed  by  Ferguson-Klass  £4]  who  transformed  certain 
dependent  summand  series  into  independent  ones.  The  modification  is  that 
we  associate  with  (1.1)  a  continuous  time,  independent  increment,  stochastic 
process,  instead  of  the  discrete  time  one,  so  that  (1.1)  is  obtained  by  a 
random  time  substitution.  This  approach  gives  the  results  on  the  Lp-convergence 
ir-ediate' v  (see  Corollary  2.5),  and  reveals  a  martingale  structure  of  the 
decomposition  (see  Corollary  4.3(iv)  and  Theorem  3.1). 
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2.  The  convergence  and  di stribution  of  a  general ized  shot  noise. 


We  recall  and  complete  some  notation  that  will  be  used  throughout  the 


paper.  is  a  sequence  of  i.i.d.  random  elements  taking  values  in  a 

J  J* 


measurable  space  (D,  * )  ,  with  the  common  distribution  £(£.)  *  A  .  By 

w 


{NCt)}t>Q  is  denoted  a  Poisson  process  with  parameter  1  and  is  the  jth 


arrival  t’me  of  N(t)  ,  i.e.  =  inf{t  >  0:  NCt)  *  j}  ,  j  *  1,  2,  . 


(U.;X_,  stands  for  a  sequence  of  i.i.d.  uniform  on  (0,  1)  random  variables. 
J  J 

We  assure  that  ^  ,  ,  ilS(t) }  Q  and  {'J.}"  ,  are  defined  on  the  same 
probabi  1  ■  ty  space  P]  and  they  are  mutually  independent. 


In  order  to  use  the  method  of  Ferguson  and  Klass  14]  mentioned  in  the 


Introduction  we  shall  need  the  following  lemma  which  in  the  case  X  -  F  can 


he  deduced  from  Lemma  214]  and  then  easily  extended  to  the  case  when  jL  is 


a  separable  Banach  space.  Since  this  lemma  constitutes  the  first  important 


step  of  the  method  and  also  may  be  of  independent  interest,  we  shall  give 


below  a  straightforward  and  different  proof  in  a  more  general  case. 


LEMMA  2.1 .  Let  (X,  £)  be  a  mcasaiabic  vector  apace  and  let  G:  (0,  «)  • 

C  -*  X  be  a  meaiaiabLe  map.  The.,:  the  ^-uacaed  itcdicutlc  process  given  by 


x(  t)  «  l  g(y.,  c.)  ,  t  >  0  , 
j»l  3  J 


lias  Independent  4nc.tcmen.tJ  and 


2(X(t  *  s)  -  X(s))  •£{  V  G(s  +  tU,,  £,))  • 

j=l  J  J 


L 


,.*%  iVr  , 


wornm 


5 

F~jj Let  =  c(N(s):  s  <  t)  and  /[2'  =  oUj,  • ...  Ck)  .  Put 

{2 .1 )  /t  -  {A  e  J:  A  fl  {N ( t )  <_  k}  €  7^  ^  v  7^  for  every  k  >_  1 }  . 

Then  is  an  increasing  filtration  and  {X( t ) )t>o  is  adapted  to  this 

fil tration . 

In  order  to  prove  that  (X(t))t>Q  has  independent  increments  it  is  enough 
to  show  that  c(X(t+s)  -  X(s))  and  7%  are  independent  for  every  t,  s  >  0  . 
Let  A  e  /  and  B  <?  2  •  We  get 

P{X(t*s)  -  X(s)  e  B,  A}  = 


(2.2)  l  P{X( t+s)  -  X(s)  c  B,  N(s)  =  i  ,  N(s+t)  *  i+k.  A}  = 

i , k>0 

i+k 

l  P{  l  G(y.,  £.)  «  B,  N( t+s)  -  N ( s )  s  k  ,  A  }  , 
1,k>0  j=i +1  J  J  1 

where  A^  =  {N ( s )  =  i.  A}  vjj2^  by  (2.1).  Since 


1 +k  i  +k 

l  G(>,,  K<)  »  I  G(s  +  y\'>  U  , 
j*i+l  3  3  j-1+1  3  1  3 


(1) 


where  ^  is  the  mth  arrival  time  in  the  Poisson  process  N^(u)  = 

i+k 

N( u+s )  -  N(s)  ,  u  >  0  ,  we  conclude  that  the  events  A,  and  {  J  G(y.,  E, . )  c  B,- 

1  j*i+l  J  J 

N( t+s )  -  N(s)  »  k}  are  independent.  Therefore  the  last  expression  in  (2.2)  is 
equal  to 


•  Pt'?1  G(s»-,('!,  E.)  »  B  ,  K0)(t)  ■  k}  P( A. ) 

,\.n  J  3 


i  ,k>0 


6 


! 

V 


I 


1  I 


a 


1 


§ 

y 

y 

y 

M 

«;• 


^  P'  ;  G(s^(1),  £  )  <5  B  .  N(1  '(t)  =  k}  P  ( A . ) 
i>0  mSl  m  ® 


.  «T 


1  P-:  7  G ( s  +•  .,L)  6  B,  N(t)  =  k}P(A)  =  p{  l 
k>0  j“=l  J-l 


GCs+Yj.Cj)  «  B}PCA)  . 


which  proves  the  independence  of  c(X(t+s)  -  X(s))  and  f  as  well  as  the 

Nit)  S 

equality  ’f(X(t+s)  -  X(s))  =  «£(  >  G(s+y,,  £.))  . 

j»1  J  J 

In  fe  proof  of  the  second  part  of  the  lemma  we  shall  use  the  well-known 


fact  that  the  condtional  distribution  of  (y^,  . ..,  ^(t)^  9’ven  that 
N(t)  =  k  1  is  equal  to  the  distribution  of  (tU^j,  ....  tU^)  ,  where 
U,  is  the  j^’  order  statistic  of  ,  ...»  .  We  have,  for  every 


u(j)  ' 
B  e  £  , 


P{X(t+s)  -  X(s)  e  B;  *  P{  7  G ( s  ,  £*)  *  B>  * 

J-l  0  J 


00  k  .* 

1  Pi  7  G(s+tU,^,  £j)  n  B;  e 


k=0  J-l 


«  k  k 

'  P{  7  G(s+tU £,)  «  B)  rj  e”1 
k=0  J-l  J  J  k’ 


N(t) 

Pi  >  G(s+tlL,  SJ  <  B} 

,-=i  J  J 


which  completes  the  proof. 


LEMMA  2.2.  Under  the  notation*  c&  Lemma  2.1,  ii  (£,  A\  8  CR, 


(i)  EX( t)  =  f  f  G(u,  v)X(dv)du  , 

Jo  Jd 


provided  either  one  the  above  quantities,  cn  the  Le.it  or  > right  bide,  cxiits; 


WvS*' 


mM 


(ii)  E  exp [ i X( t) ]  *  exp- ’  [eiG(u»v)-i]\(dv)du}  . 


'  0  'd 


Pxcc { .  By  Lemma  2.1  we  get 


N(t) 

£  X(t)  =  E[  >  G(tU £.)]  = 
J-l  3  J 


k 


I  E[  l  G( tU . ,  ?Jl(N(t)  =  k)] 
>0  j=l  J  3 


tk  t 

>  k  E  [G{  tU, ,  £,)]  -n-  e‘x 
k>0  1  '  K‘ 


.1 


tEG(tUr  *  tj  |  G(  ts ,  v)>  (dv)ds  = 

G(u,  v)X(dv)du  , 


0  -  D 
t 


0  3 


which  gives  (i).  The  proof  of  (ii)  is  similar. 

The  method  of  random  time  substitution  will  require  the  existence  of  the 
limit  as  t  -*>  °°  for  almost  every  sample  path  of  the  associated  stochastic  pro¬ 
cess.  The  next  lemma  will  be  useful  for  this  purpose.  Its  proof  is 
routine  and  will  be  omitted. 

LEMMA  2.3.  Let  t Y( t ) } ^>q  be  ft  stochastic  pieces*  with  values  in  a  sep axable 

metvic  .space  and  whet c  .sample  path. s  ate  flight- continuous .  Then  Tim  Y(t,  in) 

t-*°°  m 

egoists  a.c.  w  i{  and  only  if,  {ex  evexij  incxecusing  sequence  (t 

with  lim  tn  *  *  ,  tiie  sequence  (Y(tn)}“s^  converges  a.s.» 
n-** 


To  st: te  and  prove  the  main  result  of  this  section  we  shall  need  some 


notation  t^at  will  be  also  used  throughout  this  paper.  E  will  stand  for  a 


separable  Banach  space  with  the  norm  |j»|j  and  Bf  =  {x  e  E:  |)x||  <  r>  , 
r  >  0(B  ,  =  E)  .  The  dual  of  E  will  be  denoted  by  E'  and  (x',x)  s 


x'(x),*cE'  ,xeE. 


We  rpcall  that  a  measure  M  on  with  M({0})  *  0  is  said  to  be  a 


Levy  measure  if  for  every  x‘  a  E'  ,  J  ((x1,  x\^  a  l)M(dx)  <  00  and  for  some 


(each)  r  i  (0,  *)  the  function  d  defined  by 


:  (x1)  =  exp{ I  [ei<x',x>  -  1  -  i<x\x>I,  (x)]M(dx)}  , 
r  .'E  Br 


x'  e  E '  ,  ' s  characteristic  function  of  a  probability  measure  on  E  .  The 


probability  measure  with  characteri Stic  function  $r  will  be  denoted  by 
c  Peis '  V,  )see :  deAcosta  et  al  .  [1 3 ) .  If  K  is  a  Levy  measure  and  additionally 


x'M(dx)  <  ®  (!  'x'M(dx)  <  «  ,  respectively) ,  then  we  define  c  Pois(M) 

M  li  J  M  li  00 


(cQPois(M),  respectively)  as  a  probability  measure  with  characteristic  function 


(Cq  ♦  respectively) . 


Let  H:(0,  «)  x  d  -  E  be  a  Borel  measureable  map  and  define  a  measure  F 


(2.5)  F ( A)  *  f  f  I 


A\{0}^u*  v))x(dv)du  •  A  « 


Note  that  F({0})  =  0  .  Put 


ft  ' 

,t)  =  1  H(u,  v)IB  (H(u,  v))>.(dv)du,  t  >  0 


9 


n  .  ,  , 

THEOREM  2.4.  Let  T  =  Hf  .  ..  E.)  -  A(%  )  .  Then  iT  )  ccmesigeA  a.  i.  aji  tne 
-  n  j-]  j  'J  n  n 


nc-Vn  OjJ  E  .£3  and  e*u.:'  cj  F  ti 


Ltvij  mcjCLsxiz  cn  E  .  Fwltke. t,  -ifi  F  ii,  a 


Levi/  meaiu.e  ana  T  =  lim  T  ,  then 

_ _  n 

n-*® 


£(TJ  »  c1  Pois(F) 


4.  Let 


N(t) 

X  ( t )  =  r  H(v  -  A(t)  ,  t  >  0  . 

j=1  J  J 

By  Lemma  2.1  -'X(t);  g  is  an  independent  increment  E-valued  stochastic  process 

with  right-continuous  sample  paths.  Using  Lemma  2 .2 ( i 1 )  we  get 

(2.6)  £(X(t))  -  c1Pois(F{t))  , 

where 


(2.7)  F(t)(A)  =  j*  |  IA\{0}(H(u*  v))x^v>du  »  A  e  #E  , 


(note  that  F^(E)  =  t  <  ®)  . 


■(  t) 


Assume  first  that  F  is  a  Levy  measure.  Since  F  ^  F  as  t  P  <*>  , 
we  get 


c1Pois(F^t^)  ®  c1Pois(F)  as  t* 


(see  deAcosta  et  al  .  Theorem  1.6).  Hence,  by  Ito-Nisio  Theorem  ([7],  Theorem  1 )  and  (2.6), 
(X(t  ):*.1  converges  a.s.  for  each  t-j  <  t^  <  . . .  <  tn  «  .  In  view  of  Lemma 
2.3  X  =  lim  X(t)  exists  a.s.  Clearly,  £(X)  =  c-j Pois( F)  .  Now  we  notice 


1C 


1 


ut\ 


that  T  =  x('.  )  and  %  -  *  a.s.  Therefore  T  -*•  T  =  X  a.s.  as  n  - 

n  n  n  n  ® 


which  ends  the  proof  of  the  sufficency  part  of  the  theorem. 


Now  we  prove  the  necessity.  Assume  that  {T^}  converges  a.s.  We  have, 


for  every  t  , 


(2.8) 


‘N(t)+1 


=  X(t)  +  Y ( t)  , 


where 


=  U'"'  N  ( t)  +1  *  ( t)  +1  ^  +  ‘  A^YN(t)+1^  ‘ 


By  Markov  p'-ope^ty  cf  ;N(s);  n  ,  the  random  vectors  X(t)  and  Y(t)  are 


■independent  for  each  t  .  Since  Yoc  a-s-  as  t  *  M  ,  by  (2.8) 


•  '■r;  x ( t ) )  ■  -  is  relatively  shift  compact.  In  view  of  (2.6)  and  Theorem  1.6 

■*“  '  t  >0 


in  [1]  F  is  a  Le'vy  measure.  The  proof  is  complete. 


CO?OLLA~y  -  -5  •  Let  F  be  a  L'vij  mo. 


0  <  p  < 


Tiic>:  T  -*■  T  a.i.  and  in  L 


anu  j^c„ 


x,,pF(dx) 


jet  icrc 


since  E" X  P  <  «  ,  E  sup  "X(t)>;p  <  »  by  Corollary  3.3  in  Hoffmann- 


J/irgensen  [6]  .  Hence 


0<t<« 


e  sup  |;t  ;;p  =  e  suP;;x(y  );;p  <  e  sup  !ix(t);;p  <  «  , 
n  n  0<t<® 


which  ends  the  proof. 


REMARK  2.6.  Theorem  2.4,  when  specified  to  those  Banach  spaces  for  which  a  full 
characterization  of  Le'vy  measures  is  known,  gives  definitive  conditions  in 


terms  of  the  function  H  for  the  a.s.  convergence  of  (Tn>  .  For  example,  if 


ivrt 


n 


E  =  R  or  ~iore  general,  if  E  is  a  separable  Hilbert  space,  then 

1  ( l  a  H(u,  v)  '  ,'(dv)du  <  *  is  neccessary  and  sufficient  for  the  a.s. 

o  J  D 

convegence  of  {T  }  .  Similarly,  if  E  =  ip,2<^p<»,  the  conjunction  of 

the  following  two  conditions  is  equivalent  to  the  a.s.  convergence  of  {T^ }  : 

;°°  f 

I  |  (1  a  v)  |pHCdv)du  <  ® 

JO  -  D 

and 

/  [  f  '  ' (H(u,  v),  e.l  !2Ir  (H(u,  v)U(dv)du]P/2  <  ®  , 

jfl  .’o  '0  3'  81 

where  {e.;  denotes  the  standard  basis  (see  [13],  p .  75), 

J 
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I 

ILJ 


3.  Conver-gnce  i n  some  special  cases. 

In  this  section  we  shall  discuss  some  interesting  modifications  in  (1.1) 
which  are  possible  when  F  satisfies  certain  additional  hypotheses. 

THEP.OPEM  3  1  .  d.xt  F  ,  defined  hij(2.5),  i^  a  Left/  measure  cn  E  Audi 

tiidi  (  x  'P  F(dx)  <  <*  jot  some  p  >  1  .  Let 

Bi " " 

ft  r 

C(t)  =  ,  1  H(u,  v)\(dv)du  ,  t  >  0  . 

:0  '  D 


r. 


n  ^ j)  -  C(-,n)  ,  n  _>  1  ,  Ik  cl  martingale  n'ith  re i;:cet  tc 


( i )  V 

:{'.y  ’ 


(ii)  Mn  **  cl.k,  and  in  Lp  as-  n 


(iii)  £(Mj  =  c^PoisC F)  . 


PrceJ.  First  note  that  C(t)  is  well-defined  as  a  Bochner  integral.  Indeed, 


ft 


f  S! H ( u ,  v)[jX(dv)du  <  t  +  f  f  |]H(u,  v)||I  (H(u,  v)JUdv)du 

Jo  V  j0  V  BP 

L  si*:ip':tdx) 


<  t  + 


<  00 


1 


.  w 


Put  X,  (t)  =  >  H(y . ,  £.)  -  C(t)  =  X(t)  +  A(t)  -  C(t)  ,  where  X(t)  is  defined 

j=1  J  J 

in  the  proof  of  Theorem  2.4.  In  the  proofs  of  Theorem  2.4  and  Corollary  2.5 
we  have  shown  that 
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Since 


>  ( t)  X  a .s .  as  t  -  *  , 

£(X)  =  Pois( F)  and 

e  sup  ;;x( t);;p  <  «  . 

0<  t<oc 


A(t)  -  C(t)  = 


;  H(u,  v)I  (H(u,  v))>.(dv)du 

■'0  •'  0  bJ 


fx  dFCx)  , 


y* 

4 


as  t  -*  «  ,  we  conclude  that 


(t)  •+  X1  a  .s  .,  as  t  ■+  °°  , 


"(X,)  =  c^Poisl  F)  and 


(3.1)  E  sup  X« ( t) |J 

0<t<°° 


<  00 


By  Lemmas  2.1  and  2.2,  {X] (t) >t>0  is  an  independent  increment  process  with 

right  continuous  sample  paths  and  EX^(t)  *  0  .  Moreover,  {X^tJJ^Q  is 
adapted  to  the  filtration  defined  by  (2.1)  and  X^(t+s)  -  X^(s)  is 

independent  of  f  .  Hence  {X1Tt) ,  Jt)t>0  is  a  martingale.  By  (3.1 )  andthe 
Optional  Sampling  Theorem 


form  a  martingale  with  respect  to  -  eh.,,  ....  %n,  ^  ,  ....  r  )  and  clearly 

D 

a.s.  and  in  L  ^  .  The  proof  is  complete. 

THEOREM  3.i.  Aiiu/f.,.  z>.zt  F  ,  defined  ctj  (2.5),  ^  a  Levy  me&satc  -tuck  that 
# 

'q  ;;x"F(dx;  <  *  . 

;Br  “ 


*n 


n 


1 


Sx  a.j.,  ca  n  ■»  «  # 


£(Sy)  -  c  Pois(F)  . 


.  Since 


!  ;;h(u.  V );; Ib  (h(u,  v))A(dv)du  «  !Jxj;F(dx)  <« 
-  0  •  D  1  ' 


» 


it  follows  by  the  Dominated  Convergence  Theorem  that 


Ah„)  * 


X  F(dx)  a.s.,  as  n  •* 


An  appeal  to  Theorem  2.4  completes  the  proof. 


The  other  case  when  the  centering  in  (1.1)  is  not  needed  occurs  when  F  is 
symmetric.  From  now  on  "ill  b«  8  sequence  of  i.i.d.  random  variables 

such  that  P{£j  *  1}  *  1  -  P{cj  »  -1}  »  •£  .  Further,  we  assume  that  {e ^ >  , 

{'•j.:  and  { -" j }  are  independent  of  each  other. 


15 


i  • 


THEOREM  3.:.  At  t'Uvt  F  ,  dzii>:cd  cy  '2.5),  ^  a  immzZiic  Levy  mcasuie  a: 
E  .  T,.e>: 


=  I  ^H(%  r  )  -  Sflc  a.i., 

j  — ^  J  J  J 


a. i  n  ■*  *  , 


Z(SJ  =  c1  PoisC  F) 


’t.vj.  We  can  write 


f  - 

~n 


:  h(>  e  )  . 
j=i  j  j 


'V 


where  E,  =  E  .)  takes  values  in  {-1,  1}  x  D,H(u,  v) 

J  J  J 

u  _>  0  ,  v  =  (V] ,  v2)  e  {-1 ,  1 )  *  D  .  We  have 


X  =^Uj)  •  (*  U  +i  «,)  *  x 


v]H(u,  v?) 


Thus 


^(A)  ■  f  |  IA\{0)^U’  ^)^d^)du  = 

0  i-l ,1 }*D 

\  F(-A)  +  \  F(A)  *  F(A)  ,  A  c  BE  , 


and 


J0  t-1 ,  1 ;  *  D 


H(u,  v)I0  (K(u,  v)  )X"(dv )du  =  0 


for  every  t  >  0  .  Theorem  2.4  completes  the  proof. 
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Random  centers  A„  =  Ah  )  in  (1.1)  provide  a  fine  connection  between 
n  n 

the  centered  sums  and  the  associated  compound  Poisson  process.  Random  centers 
*  C(>n)  are  also  necessary  for  the  martingale  property  in  Theorem  3.1. 
Nevertheless,  it  is  an  interesting  question  whether  random  centers  can  be  re¬ 
placed  by  non-random  ones  and  the  a.s.  convergence  still  would  hold?  We  could  not 
answer  this  question  in  its  full  generality  but  under  certain  additional  con¬ 
ditions  the  answer  is  yes.  To  procede  this  question  we  begin  with  a  lemma  that 
is  a  special  case  of  Lemma  4  in  klass  and  Ferguson  £4].  We  shall  give  below 
a  short  proof  of  this  lemma  and  also  indicate  that  our  method  can  be  easily 
extended  to  obtain  a  new  and  short  proof  of  Lemma  4  in  [4j. 

LEMMA  3.4.  L_C  g  a  o.crzXiLr.g  ignore  4Jitc.gra.bLz  iuncticr.  defined  a: 

(0,  *0  .  T.iC'i 

'  :n 

g(u)du  -  0  a.s. ,  as  n  -*■  ®  . 

•  n 

Piccj  .  We  have 

r!n 

(3.2)  I  j  g(u)dt|  <  g(YnAn)  |y„  -  nj  , 

Jn 

by  the  monotonicity  of  g  ,  further,  by  the  Strong  Law  of  Large  Numbers  we  have 
with  probability  one: 

(3.3)  g(>nAn)  <  g(£)  eventually. 

Using  Ha jek-Renyi-Chow  inequality  £3]  p.  243  we  get,  for  every  e  >  0  , 


.  f  *  *  *■  A-  -  t  .  s! 
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,k.  ,  ,  -2  -  2,k v 

r;max  gU)  -  k .  >  <  c  i  g  (■*)  - 


m<k<n 


k=ro 


A 


as  m  ,  n  -  «  .  Thus  g(^)  ;>n  -  n,'  -  Q  a.s.,  which  combined  with  C3.2)  and 
(3.3)  comp'etes  the  proof. 


THEOREM  3.5.  t  F  ,  W*  u  *  (llCwl  bi*  (2.5),  -ti  a.  L$vti  mcajatc  cn  E  mzi: 

/  2 

j  ((a  a  1)F(dx)  <>  «  .  Suy.vsc  tiiat,  $cr  zack  v  e  D  ,  |)H tu ,  v ) j'  -is  a 
-  E 

:o  v  .  —  ;•*  u  <  (0,  «)  .  T.’:c»: 


'  H(.  ;  )  -  A(n)  -  ls  , 

:  i  J  J  * 


I 

& 


T  ci  i  ;<oi  -o.  Tkccizn  2.4, 


Let 


V  *  A( .  )  -  A(n)  =  ,  n  H(u,»)I  (H(u,v))A(dv)du 
n  n  -n  JD 


and 


g(u)  *  ii  (uH(u,e)tl2  a  1  )X Cdw ) l1  /2 
*D 


g  is  non-  increasing, 


f  g2(u)du  =  j  (X2  a  l)F(dx)  < 

Jo  'E 


and  we  have 


r, 


V  -  •  i  "  j  («»(“•*)..  A  1  )>(dv)dj 


<  ;  |  ng(u)du; 
« n 


by  Jensen’s  inequality.  Applying  Lemma  3.4  we  get  -*•  0  a.s..  Thtor«m  2.4 
completes  the  proof. 
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4.  Series  representations  of  infinitely  divisible  random  vectors. 

Let  "  be  a  Borel  measure  on  E  with  F({Q})  =  0  .  We  say  that  F  admits 

a  oc-L-tt  dzzzmpz  sitter.  dth  tc.s*’C zX  tc  a  8 cxzi  set  D  ,  0  ^  0  c  E  ,  if 

(4.1)  F(A)  =  [  |  I.Ctx)eCx.dt)X(dx)  ,  A  e  BF  . 

where  ; : ( a ,  •).'  en  '“s  a  measurable  family  of  Borel  measures  on  (0,  °°)  and  X 
is  a  Borel  probability  measure  on  D  .  The  phrase  "pda-  dzzonpcsiXic n "  will 
always  mean  a  polar  decomposition  with  respect  to  the  unit  sphere  D  *  S-j  * 

;x  e  E:  =1;  . 

A  polar  decomposition  of  Levy  measures  on  Hilbert  spaces  and  its  application 
to  stochastic  integral  representations  of  infinitely  divisible  processes  were 
studied  by  Rajput  and  Rosinski  £ 17 J.  Ue  shall  show  here  that  also  Levy  measures 
on  general  Banach  spaces  admit  polar  decompositions  so  that  (4.1)  can  always  be 
assumed.  In  fact,  we  shall  prove  more: 

PROSITITIC*;  4.1.  Let  M  be  a  Bdzt  meaiufcc  cn  E  audi  that  M({0})  =  0  and 
M(B^)  <  ®  5 v  t  eve*.:/  r  >  0  .  Then  M  admit s  a  pdas i  dzeompa iticn. 

P-.ce  j  .  If  F  =  0  ,  then  (4.1)  holds  trivially  with  p(»,  •)  =  0  and  an 
arbitrary  X  Therefore  we  may  assume  that  0  <  F(E)  <  ®  .  We  shall  con¬ 
struct  a  Borel  function  f:  {0,  *)  -*■  [0,  ®)  that  vanishes  only  at  0  and 
satisfies 

f („*„ )F(dx)  «  1  . 

•  E 

Let  r^  *  inf;r:  M(b£)  *  0:  .  0  <  Fq  i  “  • 


Define 


2C 


1 


;(t)  = 


if  0  <  t  <  r. 


otherwise. 


-rn  .1  fU 

Put  fCu)  =  (1  -  e  )  \  $(t)dt  .  f  vanishes  only  at  0  and 

'Q 

ri  r 

‘  f(tix;;)Mldx)  =  (1  -  e  r°)-1  j  [,,X‘*  Ott)dtM(dx)  = 

•E  'E  j0 

(1  -  e  ’V1  ;  |  c(t)I  (t)  MCdx)dt  ■ 

Jo  Je  Co.iJxii) 

(1  -  e  r°)‘1  fr°e_tdt  =  1  . 


Define  now  a  probability  measure  G  on  E  by  G(dx!  =  fC[,x|))MCdx)  .  Since 
G(iQ’  )  *  0  ,  Gq  c  v"1  is  a  probability  measure  on  S-j  *  (0,  *)  ,  where  GQ 
G  and  E\{0;  S,  *  ^0,  «)  is  defined  by  *lx)  *  . 

tvw.  I 

Let  >.  be  the  marginal  distribution  of  Gq  c  c”1  given  by 


A(B)  =  (GqC."1 )(B  x  (0,  -))  ,  Be  Z$ 


Using  the  well-known  fact  on  the  existence  of  regular  conditional  probabilities 
we  get  that  there  exists  a  measurable  family  (v(x,  •>w  of  probability 
measures  on  (0,  »)  such  that,  for  every  C  «  ^xCQ,  «) 


;*’XC)  ■  [  f  IrU,t)v(jc,dt)X(d«)  . 
0  c 


Hence,  for  every  A  * 


G(A)  =  Gq(A\;0; )  =  j  (  IA(tx)v(x,dt)X(dx) 

^  ‘CO.-) 

which  yielcs 

r(A)  =  i  tt-j-t —  G(dx)  = 

,  yj  jjf-y  l^Ux)v(x,dt)X(dx)  = 

*$/(0,-) 

y  tx)  >.(dx) 

'  s/  Co,-)  " 

Therefore  >4.1)  is  fulfilled  with  c(x,  dt)  *  . 

PROPOSITION  4.2.  Let  F  be  a  Bold  measure  cu  E  &  cutis  {uing  C4.1).  let,  e'e 
cao.  v  c  :  , 

(4.2)  R(u,  v)  5  infit  >  0:  p(v,  (t,  <*>))  <_  u}  ,  u  >  0  , 

be  the  Aigiut  continuous  <JiveA.se  e&  the.  function  t  -►  p(v,  (t,®))  .  Then  the 
function  H  defined  bij 

H(;i ,  v)  2  R(u,  v)v 

scuds  £ees  (2.5). 

Pj££j_ .  For  every  A  «  2.^  we  have 
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-q  .  (R(u,  v)v)\(dv)du  = 

.  3  .  D  H ' 1 

»  *0C 

tj  (R^u»  v)tf)du]A(dv)  = 

*  D  -0 

t  f° 

j  [.  I,\. .0.(tv)c(v,  dt)jA(dv)  =  F(A)  , 

where  we  utilized  the  fact  that  Leb((u  >  0:  R(u,  v)  €  (t,  «)})  =  c(Vf  (t,  «))  , 
t  >  0  . 

The  results  of  sections  2  and  3  when  specified  to  the  case  H(u,  v)  = 

R(u,  y)v  give  the  following  general izations  of  the  LePage’s  result  ([11], 
Theorem  2) . 

COROLLARY  4.3.  lit  i  be  a*;  infinitely  divisible  probability  measure  on  £ 
xltuCLL*  Gaussian  component  i.  c. 


(4.3)  i  =  6a*  C] Pois(F)  , 


av.itc  a  «  E  and  F  is  a  Livy  measure,  Assume  that.  F 
pvsiiion  (4.1 )  and  Let  R  be  defined  by  [ 4.2).  Put  Sn 


admits  a  polar  decom- 

«  l  R(y  ,  Z  and 
j*l  J  J  J 


ft 

A(t)  *  !  R(u,v)vla  (R(u,v)v)A(dv)du  ,  t  >  0  . 
JQ  'D  B1 


Then 


)  converges  a. s . ,  as  n 

r  . 

;>;;Fu(dx)  <  «  for  some  p  > 
*  E 

-c a  Li'*.'.  L  £ 


®  ,  and  £  (lim[Sn-A(yn)+a])*jj.  If 

0  t  then  the  convergence  holds  also 


norm. 
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C.i i )  -i  („*„  ^  l)f(dx)  <  x'  ,  tnen  -  A(n)  com’^goi  cl.s.,  ca  n 
and  i(lim[Sn-A(n)  +  a])  *  • 

/ 

(iii)  |  „ FCdJc )  c  »  ,  then  S  converges  a.  i. ,  <v>  n  -*>  °°  ,  and 

J  B-j  n 

^(lim  s  +a  )  =  U,  where.  aA  =  a  -  /_  xF(dx)  .  In  addition  S 
n  u  u  d  ^  n 

convene*  -in  Lp  provided  f  ||x||pu(dx)  <  j$oa  some  p  >  0. 


"l  2  ;  u(dx)  <  *  icmc  p  _>  1  ,  then  Mn  =  Sn  -  C (y^ ) 

<'•  -  vit!:  raped  tc  o(y] ,  .  •*.Yn»C1 . Cn>. , 

Mn  converge*  a.:.  and  in  LP^  ,  as  n  -*■  *  ,  and  ^(limM^+a^)  =  y  , 

lCuC*LC  d  =  3  +  xF(dx)  and 
1  J  Rc 


C(t)  =  '  R(u,  v)vX(dv)du  ,  t  >  Q  . 

•  0  -  D 


vv)  Ij  u  cs  -smmcfUc,  S  =  i  e  R C> ,,  ccmv>c.rge.6  a. .5.  ai 

nj-]J  J  JJ 

n  “  and  ( 1  imS^  )  =  y  .  In  addition,  ^  converges  in  provided 

j  nx„P-vdx)  <  »  ,  q'c.i  seme  p  >  0  . 

r 

Prccj.  Indeed,  by  Proposition  4,2  the  equality  (2.5)  is  satisfied.  Thus,  (i) 
follows  from  Theorem  2.4  and  Corollary  2.5;  (ii)  is  a  consequence  of  Theorem  3.5; 

Theorem  3.2  justifies  the  first  part  of  (iii)  and  the  second  part  follows  from  Corollary 

2.5  and  the  observation  that  J[A(y  )[|  uniformly  bounded  by  ||x||F(.dx)  ; 

n  ■'B, 

(iv)  is  a  corollary  to  Theorem  3.1;  (v)  follows  from  Theorem  3.3  and  Corollary 

2.5.  The  proof  is  complete. 

A  few  comments  is  now  in  order.  First  note  that  Corollary  4.3(4)  and  (ii) 
generalize  LePage's  Theorem  2  £11]  by  removing  the  restriction  concerning 
the  geometry  of  Banach  space  E  and  in  our  case  D  may  be  an  arbitrary  Borel  set.  This 
makes  the  representation  useful  in  investigation,  for  example,  general  infinitely 
divisible  processes  with  sample  paths  in  arbitrary  Banach  spaces.  The  results  on  the 


ci  M/rm  ci 
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Lp  -convergence  and  the  martingale  development  given  in  (iv)  are  also  new.  Finally, 
we  note  that  the  centering  constants  in  LePage  [  1 1  ] ,  Theorem  2,  are  erroneous.  They 
should  be  assumptotically  equal  to  A(n). 

The  representation  of  u  becomes  simpler  when  a  polar  decomposition  of 
F  is  of  product  type  for  some  D  ,  i.e. 


(4.4)  F(A)  =  ;  I.Ux)c(dt)Udx) 

for  all  A  e J  E  .  in  this  case,  c U,  •)  =  o(*)  is  the  same  Levy  measure 
for  all  x's  . 


m 


4- 4.  Lzi  F  6c  a  Uvlj  mza. sutc  on  Z  u'Uch  -satisfies  (4.4),  edict c  d  is 

,  !  p 

tX'ur.dCu.  Tnen  j  (j^  A  l)F(dx)  <  «  . 

_Ptccj.  Let  d  =  supi'(tx„:  x  e  D}  <  «  .  We  have 


Je 


( ’,xtl2  A  1  )F(dx)  =  !  f  t"*"''2 


I  i  c;;txrc  a  i)p(dt)Udx) 
JD  *  (0 ,°°) 


f  J  p 

1  (dV  A  1  )c(dt)  <  »  , 

JC0,“) 

The  above  lemma  and  Corollary  4,3(ii)  give  the  following 

COROLLARY  4.5.  LeX  y  be  given  by  (4.3)  and  leX  F  admits  decomposition  (.4.4) 
tcitn  0  bounded.  Pe^ine 

P(u)  =  infit  >  0:  c((t,  «))  <  u)  ,  u  >  0  , 


m 


fcX*'  '.V"  L‘  ^  C^.C  lb  t  ~*~  cCCt,  °°)  )  •  TliHil 


l  R ( >  -j ) c i  -  b  +  a  -*•  T  a.i.,  di>  n 
j  =  1  j  j  n 


M 

>sr 

4 

4VI, 


CUld  ow(^)  "  U  ,  tlV  LCti. 


fn  r 

bn  =  I  [R(u )  :  vl  (R(u)v)X(dv)Jdu  . 

n  •  0  -D  B1 


EXAMPLE :  General  stable  distributions. 

Let  .  be  a  p-stable  probability  measure  on  E  ,  0  <  p  <  2  .  In  view  of 
L^vy  spectral  representation  theorem  there  exists  a  finite  Bore!  measure  c 

A 

on  and  e  E  such  that  the  characteristic  function  u  of  y  can  be 
written  as  follows: 


© 

$ 

J 

m 

m 


(4.5) 


where 


u(x‘)  =  expt-j  j<x' ,x)!pj(dx)  +  iQ  (o,x')  +  i(x\xn}}  , 

Js1  P  u 


'tan(-rp/2)  I  | <x' ,x>|psign<x' ,x>o(dx)  ,  p  M 

i 


Qp(o,x1) 


■  2/v  j  <x' ,x>f.n|  <x' ,x)|o(dx)  ,  p  =  1  , 


(for  this  and  further  facts  concerning  stable  measures  we  refer  the  reader  to 
Linde  £13J,  Chapter  6.3).  In  order  to  obtain  series  representation  of  y  we 
write  y  in  the  form  (4.3).  Elementary  computations  give 


\V,  ■  VV  5  %^V#lV'VMrv  V 


■  ¥.* : 


[  Xq  -  20-v)/^  o(S.|  )xc  ,  p  =  1  , 


where  cp  *  cos(-p/2)7(-p)  ,  p  f  1  »  C1  =  T'W-  *  T  denotes  Euler's  constant  , 

and 


*_  =  :  xr(dx)/o(S, )  . 

;  s 


Further,  we  can  represent  the  Levy  measure  F  of  p  as  follows: 


.1  .r  r 

FCA)  «  c.‘  i  I 


P  J 


IACtx)t‘1‘pdt  o(dx)  * 


s}  Co.*) 


r  r 


I. (tx)cCdt)X(dx)  , 


^(0,*)  A 

where  p(dt)  =  c’1  c(S1)t1“pdt  ,  X(dx)  *  o(dx)/oCS.j)  .  Therefore,  the 
assumptions  of  Corollary  4.5  are  satisfied,  and  we  compute 


!/p /<  \U-1/P 


R(u)  =  d  c',v( S,)u 


where  dn  =  (pc)’1/,p  ,  and,  for  n  >  dp  c(S, )  , 

p  p  —  p  ] 


r1  / P r c  \J-Vp  _  ,P 


p/(p*1)IdpC  tS-j  )n  -  «p  ^  wj  / * 


•  o(S,)]x  .  p  t  1 


2/~[tnn  -  inC2/"  oCS1 ) )JoCS1 )x^  ,  p  «  1 
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Under  the  above  notations,  using  Corollaries  4.5,  4.3tiii)  and  (iv),  we 
obtain 

COROLLARY  4.6.  Let  u  be  a  p-i tabie  pxobabiJiity  measure  on  E  with  the 
characteristic  function  given  by  (4.5),  0<p<2.  Le* 


'n  =  V1/P(SlHJ;,'j*,/Pjj  *  kln)V  *  x0  • 


to ‘.etc 


k(t) 


(1  -  l/p)'1t1‘1/p  ,  1  <  p  <  2 

Ln  t  +  1  -  v  -  £n(d^c(S.| )) ,  p  =  1 

0  ,  0  <  p  <  1  . 


Then  V  =  lim  V  exists  a. a.  and  ^(V)  *  y  .  fuxthex,  {cx  1  <  p  <  2  ,  pu* 

n-x» 

M„  *  dp<’,/P‘si»j|,^/P{j  -  kW  *  x0  • 

Then  Mn  -it  a  malting  ate  with  respect  to  oCy-j  ». . .  »Yn»S^ . . . . »E  )  ,  n  1  , 

M  =  11m  Mn  exists  a. a.  and  in  L^  jjo-x  evexy  0  <  q  <  p  ,  and  £(.M )  «  y  . 


EXAMPLE:  Symmetric  semistable  measures. 

We  recall  that  an  infinitely  divisible  measure  y  on  E  is  said  to  be  a 
(r,p)-semistable  probability  measure  (0  <  r  <  1 ,  0  <  p  <  2)  If 

*r  -I  . 

u  *  (r  /p  o  y)  *  cx  for  some  xQ  €  E  . 
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Here,  the  measure  a  c  a  is  defined  by  (a  :  u)(B)  =  uCa”1 B )  ,  B  c  ,  a  M  . 
The  spectral  representation  of  characteristic  function  of  semistable  measures 
was  obtained  independently  by  Krakowiak  £9]  and  by  Rajput  and  Rama-Hurthy  [16], 
which,  in  the  symmetric  case,  reduces  to  the  following: 

(4.6)  -(x ' )  =  exp-(  T  r”n  I  [cos(rn/p  <x',x>)  -  l]cCdx)}  , 

n=-«°  '  L 

where  c  is  a  finite  symmetric  measure  on  A  =  {x  «  E:  r^p<  <  1}  . 

Since 

.(x' )  =  exp\  ;  [cos<x',tx>  -  l]v(dt)c(dx)}  , 

•A'10,«) 

where  is  a  discrete  measure  concentrated  on  the  set  {rn/,p:  n  e  2;  such  that 

vC£rn/p;)  *  r"r  ,  n  e  TL  ,  we  conclude  that  (4.4)  is  satisfied  with  X(dx)  = 
c"1(A)c(dx)  and  :(dt)  *  :(A)v(dt)  .  Now  by  elementary  computations  we  obtain 

R(u)  *  C(l/r  -  l)c‘1U)id'1/p  , 

where  £t]r  =  rk  if  rk  _<  t  <  rk_1  .  In  view  of  Corollary  4.3(.v)  we  get 
that 

(4.7)  l  ejtd/r  -  l)c_1(A)y j]“1/p  ^  -  S  a.s. 
j=l 

and  in  ,  for  every  0  <  q  <  p  ,  and  £(S)  «  u  .  We  have  obtained  a  series 
representation  of  semistable  random  vectors  in  the  symmetric  case. 

Now  we  note  that  the  multipliers  in  (4.7)  are  bounded  both  sides,  up  to  a  con 
stant  multiplier,  by  c1/p(A)>j1/p  ,  because  rt  <  [t]f  <  t  ,  t  >  0  .  Further, 


1  1  *  H  i  .  *  '  *  *.  •  i1  *.»  •  *  Y 


a  p- stable  limit  is  obtain  in  (4.7)  when  one  replaces  {(1/r  -  1  k'1  Uh  .]  by 
_  1  J  r 

'-'’y  Tn1s«  in  conjunction  with  the  contraction  principle,  explains 

the  moment  properties  of  stable  and  semistable  distributions  are  so 
closely  related.  Using  a  different  method  of  stochastic  integeral  this  obser¬ 
vation  was  also  justified  in  Rosinski  £20]  p.  67-68  and  comparisons  of 
moments  of  stable  and  semistable  measures  were  given. 
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